In this paper nanosecond laser machining process was developed to improve the hydrophobicity of AISI 316L stainless steel surface. A geometrical model of laser machined Gaussian micro hole, together with constrain conditions, was established for the first time to predict surface contact angle and optimize structure geometries for maximizing its hydrophobicity. The effects of processing laser power and pitch of microstructures on the topography of the machined surface were investigated through laser machining experiment. Subsequently, the water droplet contact angle was measured to evaluate the hydrophobicity of different specimens. Results show that under the laser power of 10 W and 14 W, with the increase of the pitch of microstructures, the contact angle increases until it reaches its peak value then drops gradually. Under the large pitch of microstructure, the contact angle will increase with the increase of the processing laser power. Under the same pitch of microstructure, the contact angle will increase with the increase of ten-point height of surface topography, Sz which is a better parameter than Sa (arithmetical mean height) to characterise hydrophobicity of surface with Gaussian holes. This study shows that large Sz is an essential condition to form the stable and robust Cassie-Baxter state, i.e. a condition to achieve superhydrophobicity. The comparison between the predicted and measured contact angles in experiments shows that the proposed model can accurately predict contact angle and optimize the geometries of the microstructure to achieve maximum hydrophobicity.
Introduction
Superhydrophobic surfaces have recently received tremendous attention because of special functions such as self-cleaning, corrosion protection, anti-icing, drag reduction and anti-bacteria offered by them [1] [2] [3] [4] [5] [6] . Surfaces with water contact angle greater than 150°are generally classified as superhydrophobic surfaces. Many creatures in nature, including the lotus leaf [7] , rice leaf [8] , butterflying wing [9] and water-strider legs [10] exhibit excellent superhydrophobicity.
Previous researches show that surface coating to reduce surface free energy and fabrication of surface structures are two important methods to achieve superhydrophobic surface [11] . Many approaches for the preparation of superhydrophobic surfaces have been put forward over the last decade, such as electrochemical deposition [12] , plasma method [13] , chemical vapour deposition [14] , wet chemical reaction [15] , sol-gel processing [16] , lithography [17] , electrospinning [18] , solution immersion [19] , micro milling [20, 21] , laser machining [22, 23] etc. Many surfaces manufactured by chemical methods have good superhydrophobicity but low stability and service life. The major challenges for industrial application of superhydrophobic surface are low production efficiency and high production cost. Instead, laser machining is a reliable manufacturing method due to its high-efficiency and contactless characteristics. Until now, most of laser texturing works use expensive femtosecond or picosecond pulse lasers [24, 25] . Many researchers reported that hierarchical structures generated in femtosecond or picosecond pulse laser machining process that consists of micron and nanoscale level pattern is a critical condition for improving surface hydrophobicity [26] [27] [28] .
Nanosecond laser machining has been proved to be a very promising cost-effective method for surface texturing. Several researchers have paid attention to the study of hydrophobic metal structures machined by using nanosecond laser [23, [29] [30] [31] . Razi and co-workers carried out research on wettability control on stainless steel by nanosecond laser surface texturing [32] [33] [34] . They investigated the surface morphology, surface oxygen content and wettability of specimens machined in air and water [32] . The results showed that the specimen treated in the air has large surface structures than the specimen treated in water [32] . More importantly, they also found a remarkable change from hydrophilicity to hydrophobicity after 10 days exposed to ambient air [34] . Duong [23] demonstrated wetting behaviour on nanosecond laser patterned copper and brass surfaces, with the static contact angle of up to 152°. Jagdheesh [29] created near superhydrophobic surface with a maximum contact angle of 148°by using one-step direct laser writing technique. The results show that the micro-holes and the formation of micro-wall play a major role compared with surface chemical change for improving superhydrophobicity. Yang [30] modified the wetting property of Inconel 718 by nanosecond laser machining approach and the maximum contact angle of 156°was obtained. Kwon [31] proposed a sequential fabrication process for a superhydrophobic stainless steel surface, combined with laser machining and electrodeposition, the maximum contact angle obtained was 153°. However, no research has yet been conducted to build a theoretical model used for structure design based on nanosecond laser machining characteristic. The constrained conditions for a stable Cassie-Baxter state superhydrophobic are still not clarified.
AISI316L stainless steel has been widely used for biomedical implants and surgical instruments, such as hemostat, surgical knives and dental devices. Several studies have been conducted on the superhydrophobicity of 316L stainless steel [11, 35] . Chen [11] fabricated the reed leaf-like superhydrophobic structures on stainless steel by nanosecond laser cutting, and the maximum apparent contact angle reached 157°. Trdan [35] reported the wettability modulation from superhydrophilic to superhydrophobic surface state on corrosion behaviour of 316L fabricated by YAG nanosecond direct laser texturing technique. The corrosion resistance test results indicate that the superhydrophobic surface has improved passivation ability and lowest corrosion current density. Thus, superhydrophobicity of 316L is intimately related to its practical application. However, the effects of laser power and structure pitch on surface topography of 316L stainless steel still need further research. In addition, the effects of dimension of structure and surface roughness related evaluation parameter on hydrophobicity of specimen are still unclear.
The above literature shows that nanosecond laser machining is a promising method for manufacturing superhydrophobic structures on 316L stainless steel. However, there are still many challenges need to be further researched. First of all, geometrical model and theoretical analysis of hydrophobicity for laser machined surface need to be established to assist the prediction of contact angle and structure design. Moreover, the mechanism of influence of laser power on 316L stainless steel topography and its superhydrophobicity still requires further research. Besides, the dimension of structure and its effect on hydrophobicity are still unclear.
In this research, we present a high-efficiency and easily-controlled method for manufacturing superhydrophobic surfaces using a nanosecond laser. This work is an attempt to investigate the effects of micro hole structures on hydrophobicity of 316L stainless steel obtained by nanosecond laser under different laser powers. Firstly, the geometrical model based on laser machining Gaussian holes will be built. Moreover, theoretical analysis of the constraints for a superhydrophobic surface will be carried out to explain what kinds of dimension can promote larger contact angle and make the droplet have a stable Cassie-Baxter state on the specimen surface. Then, the micro holes with various pitches will be fabricated on the specimens under various laser powers. The influence of laser power and various pitches on the machined surface roughness will be discussed after surface measurement by SEM and optical microscope. Finally, the measured static contact angle and structure dimensions were compared with predicted values in order to validate and evaluate the prediction model.
Prediction model for contact angle based on characteristics of micro Gaussian hole
Our major purpose is to obtain the stainless steel specimen possessing good superhydrophobicity, which means that the droplet should have a stable Cassie-Baxter state on the specimen surface. Thus, in this section, the mechanism of superhydrophobicity will be studied from the theoretical point of view. Moreover, the condition of stable and robust Cassie-Baxter state droplet will also be investigated.
The nanosecond laser beam has a Gaussian intensity profile as shown in Fig. 1(a) , so the profile of laser machined micro hole will be also like a Gaussian curve. In order to investigate the effect of laser power on the surface topography of micro hole, some micro holes with pitch of 110 μm (P110) are machined at different laser powers on stainless steel specimens. Then the surface topography of specimen was measured by an optical microscope (Alicona G4) under 50X Magnification objective. This instrument has a vertical resolution of 20 nm. The surface profiles extracted along the diagonal direction of the machined holes under different laser powers for P110 are shown in Fig. 1(b) . The depth and the width of the micro holes are observed to increase in proportion to the laser power. Especially, when the laser power varies from 4 W to 14 W, the average depth of the micro holes gradually increases from 9.2 μm to 68.3 μm. Besides, it also leads to the increase of the height of pillars and decrease of the width of the pillars from 90 μm to 30 μm. The depths of the micro holes are almost the same at 10 W and 14 W, but the pillar width will further decrease as the increase of laser power leads to more materials removed from the specimen surface.
2D profile of micro hole can be described by Gaussian function as shown in Eqs. (1) and (2) . For the Gaussian curve, the proportion of area occupied between −3c and +3c is about 99.7%, so the curve between ± 3c was chosen to represent the Gaussian hole machined by pulsed laser. (1)
Where a and c are arbitrary real constants. The 2D and 3D geometrical models of laser machined Gaussian holes can be plotted based on Eqs.
(1) and (2) and shown in Fig. 2 . For a stable Cassie-Baxter state water droplet, it will have a little sag between micro pillars but cannot touch the bottom of micro holes [36, 37] . In Fig. 2 (a), a is the depth of the Gaussian hole, b is the width of micro pillar, 6c is the width of micro hole, h is the sag in height of droplet between pillars, θ is the intrinsic contact angle of stainless steel. We suppose that the sag of droplet surface is a ball surface and r is the ball radius. The 3D model based on Gaussian hole characteristic is shown in Fig. 2 (b). The pitch P and b, c forms a right-angled triangle. The surface contact angle at Cassie-Baxter state can be expressed as Eq. (3) [38]:
where f is the fraction of solid surface area wet by the liquid and can be described as:
From Eqs. (3) and (4), it can be seen that the minimum value of f will help the contact angle θ CB reach its maximum value. In order to make the droplet keep a stable Cassie-Baxter state on the surface, the structure should meet some mathematical and chemical constraints which are listed as follows.
First of all, the droplet cannot contact with the bottom of the micro Gaussian hole, so the sag in height h should be smaller than a, which can be expressed as Eq. (5).
Eq. (5) can be further simplified as:
Secondly, the state of the droplet is affected by gravity and Laplace pressure (F) force. The Laplace pressure is the pressure difference between the inside and the outside of a curved surface that forms the boundary between a gas region and a liquid region [39] . The pressure difference is caused by the surface tension of the interface between liquid and gas. Thus, the balance between weight (W) and Laplace pressure (F) is also an essential condition for Cassie-Baxter state. It means that the Laplace pressure should be greater than weight (W) of the droplet. The average droplet weight for every hole and the Laplace pressure (F) are shown in Eqs. (7) and (8) . The constraint can be expressed by Eq. (9) . The pillar can be estimated to possess rectangular shape with side length b.
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where, γ lg is the surface tension between liquid and gas. Thirdly, the principle of the lowest energy is a general rule in nature. Since the mechanical system is trying to find a state of minimum surface free energy [40] , the surface free energy of Cassie-Baxter state (E CB ) should be smaller than Wenzel state (E W ) [41] . The E CB and E W are calculated by Eqs. (10) and (11) . The Eq. (12) is Young's equation [42] . The constraint about the principle of the lowest energy can be expressed by Eq. (13) . The pillar side area is processed as a frustum of a pyramid to calculate the area.
(10)
Where γ sl is the surface tension between solid and liquid, γ sg is the surface tension between solid and gas. Finally, there are some additional geometrical constraints, as shown in Fig. 2(b) according to the Pythagorean theorem, the relationship of b, c and P can be expressed as:
For every specimen, the depth of micro hole is also limited by actual depth. As an extension of Ra (arithmetical mean height of a line) to a surface, Sa is often used to evaluate surface roughness in an area. It represents the difference in height of each point compared to the arithmetical mean of the surface, so it cannot completely reflect the size of peak and valley on the periodic surface. On the other hand, the maximum height Sz is a surface characterisation parameter to evaluate the absolute highest and lowest points found on the surface, which is the sum of the maximum peak height (Sp) and the maximum valley depth (Sv) within the defined area. For this reason, Sz can reflect the [266] [267] [268] [269] [270] [271] [272] [273] [274] [275] depth information of the specimen better than Sa. The depth of the hole should be smaller than Sz as shown in Eq. (15) .
In this optimization problem, Eqs. (6), (14) and (15) are linear constraints while Eqs. (9) and (13) are nonlinear constraints. MATLAB Optimization Toolbox was used to solve the above optimization problems and the parameters in this study are listed in Table 1 .
The predicted dimensions of a, b and c for 6 different pitches and the corresponding predicted maximum contact angles are shown in Table 2 . With the increase of pitch from 50 μm to 150 μm, the ratio of b and 6c increased from 0.242 to 0.379. This means that it needs more solid part on the surface to sustain the water droplet to satisfy the constrained conditions, the droplet has a stable Cassie-Baxter state on the specimen surface. However, the increase of the ratio of b and 6c also results in decrease of the predicted maximum contact angle from 160.5°to 152.6°.
Pattern design and experimental details
The micro patterned surface of stainless steel was produced through laser ablation to verify the predicted structure dimension and contact angle. In addition, the effects of laser power and pitch on hydrophobicity of specimens will also be studied.
Material details and pattern design
Six AISI 316L stainless steel (Goodfellow Ltd.) specimens are used in this research. Each specimen has a dimension of 10 mm × 10 mm × 2 mm. Before laser machining, the specimens were plane milled using a 6 mm diameter end mill to ensure the surfaces are smooth. The machined surface roughness Sa and Sz are 0.2 μm and 2.1 μm respectively after milling operations.
Micro-holes arrays designed for this experiment is shown in Fig. 3 . P is the pitch between two adjacent holes. As listed in Table 3 , the pitch (P) varies from 50 μm to 150 μm for the six specimens. But for each specimen, the pitches are the same in the vertical and horizontal directions.
Experimental setup
The laser machining experiments will be carried out on a hybrid ultra-precision machine shown in Fig. 4 . It is equipped with a nanosecond pulsed fiber laser which has central emission wavelength of 1064 nm. The laser source has a nominal average output power of 20 W and its maximum pulse repetition rate is 200 kHz. For a pulse repetition rate of 20 kHz, the average pulse duration is 100 ns and pulse energy is 1 mJ. Achromatic doublet with a focal length 26.054 mm was used to focus laser pulse. The achieved spot size is about 15 um diameter. During operation, the laser beam passes through a lens and focuses onto the specimen surface which is mounted on a precision X-Y-C stage. The laser machining parameters are listed in Table 4 . The average laser power varies from 4 W to 14 W.
Post-processing
After laser machining, the specimens were rinsed with deionized water in ultrasonic cleaning equipment for half an hour to remove the molten slag on the surface. Then, these specimens were degreased in a 30-min ultrasonic bath in acetone and ethanol respectively. Finally, these specimens were dried in an oven. Before measuring the contact angle, these specimens were silanized in a vacuum oven using silane reagent (1H, 1H, 2H, 2H-Perfluorooctyltriethoxysilane, 97%, Alfa Aesar Ltd), at 100°C for 12 h to reduce their surface free energies.
Surface measurement and characterization method
The morphology of the laser structured surface was measured by a scanning electron microscope (SEM). Surface topography was measured by an optical 3D surface measurement device (Alicona G4). Apparent contact angle on surfaces was measured by a drop shape analyser (Kruss Ltd.) The selected water droplet volume was 5 μL. For each specimen, the apparent contact angle of the water droplet was measured three times and the average value was adopted.
Results and discussion

Analysis of surface morphology
Laser machining is a localized thermal process. The partial laser beam energy is absorbed by the material and resulting in material softening, local yielding, melting, burning or evaporation. The surface topography and dimensions of the machined structures vary with the laser power and the designed pitch. The SEM images of surface topography of P110 series specimens are shown in Fig. 5 . It can be seen that the micro holes are well separated when the laser power is 4W. With the increase of laser power, a large amount of materials melted, the wall thickness between holes is reduced gradually. Then, the recast layer is formed on the circumference of the micro holes. The micro holes are partially overlapped each other as the wall materials melting and evaporation and formation of pillars gradually. Moreover, the pillar width decreases with the increase of laser power.
The SEM images of specimens machined under laser power of 14W for micro holes of different pitches are shown in Fig. 6 . For a small pitch of 50 μm, the machined surface was ablated (as shown in Fig. 6(a) ) due to large proportion of overlapping area. With the increase of pitch, the proportion of un-ablated surface increases and it starts to form rectangle pillars between holes gradually, as shown in Fig. 6(b) , (c) and (d). Fig. 7 shows the 3D surface morphologies of machined surfaces with pitch of 130 μm. It can be seen that only few materials are redeposited around the micro holes when using small laser powers of 4 W and 6 W, but some materials are deposited at the center of holes due to weak evaporations. With the increase of laser power, the depth and diameter of the holes are increased significantly and more and more molten material is deposited on the surface between micro holes. Especially, when laser power reaches 14 W, as shown in Fig. 7(d) , the large volume of molten materials almost cover the whole surface between micro holes, which results in a rough surface and periodic pillar structures.
It has been recognized that the surface roughness has a significant effect on the hydrophobicity of the surface. The measurement results of surface roughness (Sz) are shown in Fig. 8 . It can be seen that under the same pitch Sz increases with the increase of laser power for most specimens. The variation of Sz with laser power increases from 4 W to 14 W becomes more and more apparent with the increase of pitch. Especially, for the P050 specimen, the Sz increases from 31 μm to 51.7 μm. As the pitch increases from 50 μm to 150 μm, the Sz increases from 17.9 μm to 110.9 μm. Thus, with the increase of pitch, the gap of Sz becomes more and more significantly. The increase of pitch results in the increase of Sz value at higher laser power. The major reason is that higher laser power leads to more materials removed from the specimen surface and the increase of the depth of holes. Moreover, large pitch provides more space between holes for materials melt and lead to the increase of height of the recast layer.
However, it doesn't mean that the higher the laser power the higher the surface roughness is. The Sz value is also affected by the pitch. For 
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specimen machined at the laser power of 4 W, the specimen P050-4 W has the maximum Sz value which is 43.5 μm. With the increase of pitch, the ratio of the un-ablated area increases, the interaction effect between the adjacent holes is weakened and leads to the decrease of surface roughness value. Under the high laser power of 10W and 14 W, the surface roughness Sz increases gradually with the increase of microstructure pitch. The Sz value increases from 30.9 μm to 88.6 μm for laser power 10W series. As for laser power 14W series, the Sz value varies from 45.5 μm to 110.9 μm. With the increase of pitch, there is more space for un-treated surface which can deposit molten material. Thus, the height of pillar and the depth of holes will increase and lead to larger Sz value. However, for the small pitch specimen, there are untreated areas between holes, so the molten materials deposit on the ablated area. Consequently, the pillar height of the specimen with small pitch is lower than the large one. In addition, under the same pitch, the surface roughness of some specimens machined under laser powers of 6 W or 10 W have larger Sz than the specimen machined under the laser power of 14 W. This phenomenon will affect the surface contact angle which will be discussed later. Especially, for specimen P050-6W, when laser power is 6 W, the machined surface has the maximum Sz value. For large laser power 10 W and 14 W, it will enhance the interaction effect between the holes and lead to the reduction of un-treated area and decrease of surface roughness Sz value. Thus, the surface roughness does not only influenced by the laser power, but also the pitch of micro holes. For every pitch, there is a corresponding laser power leads to maximum Sz. Moreover, with the increase of pitch of micro holes, the value of laser power should be higher in general.
Analysis of surface hydrophobicity
In this study, static contact angles of water droplet were measured using the sessile drop method to characterize hydrophobicity of the specimen surfaces, including a smoothly milled surface as a bench mark. A 5 μL droplet of deionised water was dropped on the smoothly milled specimen at atmospheric condition. The side view was captured by an industrial camera and the contact angle can be determined by image processing software on a PC. As shown in Fig. 9 , the contact angle θ is 105°for the smoothly milled specimen.
4.2.1. Effect of laser power and pitch of structure on surface hydrophobicity Fig. 10 shows the captured image of the droplets in the contact angle measurements. As shown in Fig. 10(d)-(f) , the three specimens, P110-14 W (i.e. pitch of 110 μm under laser power of 14 W), P090-10 W and P050-6 W have the largest contact angles. In addition, compared with Fig. 9 , with chemical treatments the contact angle of stainless steel surface is only 105°. It is laser structuring that further improves its hydrophobicity to 153.2°, which can be called superhydrophobic surface. Fig. 11 shows the variation of surface contact angle of the micro structured surface as a function of pitch and processing laser power. The error bar in the figure represents the minimum and maximum contact angle in three measurements for each specimen.
The micro structured surface machined at 4W has the same level of surface contact angle as smoothly milled surface of about 105°. As shown in Figs. Figure 5 (a) and Figure 7(a) , there are few materials were removed from specimens at the laser power of 4W. So the water droplet will entirely wet the structures and results in a homogeneous liquid- For the specimens machined under the laser power at 6W, its contact angle shows a trend of gradual decrease. For the specimens machined under the laser powers at 10 W and 14 W, the trends of variation of the surface contact angle are very similar. With the increase of pitch, the contact angle rises up to a peak value and then gradually decreases. Moreover, with the increase of laser power, the pitch of specimen with peak value of contact angle increases gradually. In particular, for laser power of 6 W series, the maximum contact angle is 144.7°when the pitch is 50 μm. In addition, for laser power of 10 W, the maximum contact angle is 145.2°when the pitch is 90 μm. P110-14 W specimen has the best hydrophobicity among all specimens with contact angle of 153.2°, which can be classified as superhydrophobic surface. The above phenomenon can be explained as follows. Under the laser power of 6W, it has fewer materials removed from the specimen than 10W and 14W. Thus, with the crease of laser power, the width of micro hole 6c will also increase. The width of micro pillar b also needs increase in order to satisfy the constraints in Section 2. Otherwise, the state of water droplet will change to Wenzel state and leads to the reduction of contact angle. According to Eq. (14) , the pitch with maximum contact angle will increase with the laser power. Consequently, the surface contact angle is not only affected by the laser power but also the microstructure pitch. With the increase of laser power, the best pitch, which has the maximum contact angle in the same laser power series, increasing from 50 μm to 110 μm.
The above analysis suggests that both the processing laser power and microstructure pitch have significant influences on the hydrophobicity of 316L stainless steel specimens. The influence of laser power on the surface contact angle is actually through surface roughness (Sz). As shown in Fig. 12 the increase of surface roughness Sz leads to the increase of contact angle under all machined pitches in this study. This can be explained as follows: the droplet can touch the bottom of the hole and shows Wenzel state when Sz is too small. Moreover, for the specimen with small Sz, even the droplet can stay as Cassie-Baxter state, due to minor space for air pocket under water droplet, the stability of Cassie-Baxter state is worse and easily transformed to Wenzel state. However, with the increase of Sz, the depth from peak to valley increases, so there are more spaces for droplet sag in. The droplet will not contact the bottom of miro holes. Thus, large Sz is an essential condition to form the stable and robust Cassie-Baxter state.
Comparison between experimental and theoretical values
The top three specimens which have maximum contact angle at different laser power are P050-6 W, P090-10 W and P110-14W. Their dimensions are close to predicted values. The dimensions of predicted and measured microstructures are shown in Table 5 . Fig. 13 shows comparison of the predicted value of maximum contact angle with the measured value of the best three specimens. For specimen P050-6 W, the optimized b is 13.8 μm which larger than the actual value of b (23 μm) as shown in Table 5 . Thus, the value of f will be larger than the designed condition. Consequently, the actual contact angle will be smaller than the predicted value as shown in Fig. 13 . For the specimen P090-10 W, the actual dimension b is also larger than the predicted value as shown in Table 5 , so the similar trend can be found. As for the specimen P110-14W, the actual dimension b has a small deviation (9.3%) from the predicted value, so the value of f will close to the ideal designed condition. Consequently, the actual contact angle at 153.2°is also very close to the predicted value of 153.8°as shown in Fig. 13 .
Conclusions
A geometrical model for laser machined Gaussian micro holes, together with the theoretical constraints for stable Cassie-Baxter state were established in this paper for the first time to allow good understanding of the superhydrophobic mechanism and optimize the microstructure geometries. The effect of laser power, surface roughness Sz and structure pitch on the hydrophobicity of were studied through nanosecond laser machining experiments on stainless steels. The maximum contact angle (153.2°) is obtained on a microstrcutrued surface (P110-14W) with a pitch of 110 μm machined under a laser power of 14W. The conclusions can be drawn as follows:
1. The proposed geometrical model for laser machined Gaussian microholes can be used to accurately predict the dimensions of microstructures for maximising surface hydrophobicity. 2. The processing laser power has a significant effect on surface contact angle due to the variation of surface roughness especially the ten point height of surface topography, Sz. Under the same level of laser power, with the increase of pitch of the microstructures, the contact angle increases until it reaches its peak value. After that it drops gradually. 3. Sz is a better parameter than Sa to characterise hydrophobicity of surface with Gaussian holes. Under the same pitch of the microstructures, the contact angle will increase with the increase of Sz. Large Sz means more space for the water droplet to sag in. Thus, it is easier to form air pocket under water droplet and make the droplet have a stable Cassie-Baxter state on the specimen surface. 
